First, we developed a mathematical model to elaborate the benefits of a magnetic particle-based blood purification process over traditional blood purification systems for the capturing of bigger target entities, such as bacteria. This model is employed to work out intrinsic process limitations and optimal conditions for magnetic blood cleansing as a function of particle size and concentration as well as target size and concentration. The required contact times for a binding event to happen determine efficacy and the throughput of an extracorporeal magnetic blood purification process. Given that the human blood volume is about 5 L and the whole blood volume should preferably be processed in a few hours (in analogy to dialysis based processes) with a total extracorporeal volume of less than 300 mL at a given time, the contact times between magnetic particles and blood should be in the order of seconds to minutes. In order to estimate the contact times required for efficient target capturing as a function of target size, we developed a model for the calculation of i) the adsorption of small molecules on the surface of magnetic particles and, in analogy, ii) the number of magnetic particles adsorbed on the surface of bacteria. Both the particles and the bacteria are modeled as spheres. First, we calculated the time required to remove small target molecules, such as ions, proteins or bacterial toxins, using a magnetic bead number concentration of 10 10 per mL. The contact times required for both small molecule targets (1 nm, 1 μM concentration range) and medium sized targets, such as endotoxins, (10 nm, nM concentration range) are well below 1 minute, which is in good agreement with previously reported experimental findings (Figure 1a) . 6, 11 As small molecules are capable of diffusing inside of porous adsorbents (such as porous activated carbon, etc.), the use of particle based adsorbents is not absolutely necessary and small molecules and ions are removed at sufficiently high efficiency by traditional blood purification processes, such as hemodialysis, hemofiltration or hemosorption. 17 For bigger molecules and cells, however, the surface area of pores remains inaccessible and the external surface area of an adsorbent becomes the relevant parameter, hence the use of spherical particles brings considerable competitive advantages over traditional adsorbents. External surface becomes a critical parameter dictating overall throughput and efficacy of the process. Thus, we first calculated the time-dependent evolution of the number concentration of bacteria (Staphylococcus aureus, 1 μm, 10 4 colony-forming units (cfu) per mL) as a function of particle number concentration. It becomes evident that when using 300 nm beads, there are no unbound bacteria left after 180 seconds (Figure 1b) . After 10 minutes, every bacterium is bound by 10 or more magnetic beads (Figure 1c) . Most importantly, calculations also show that particles are in excess for most clinically relevant bacterial concentrations ( Figure  1d , for bacteria concentrations from 10-10 4 cfu per mL). Taken together, these calculations show that there is a window of opportunity where reasonable binding of bacteria can be achieved by reasonable concentrations of magnetic beads (10 10 -10 12 particles per mL) in clinically relevant times (few minutes). Additionally, these calculations demonstrate that capturing times are critically dependent on the particle number and increase to less appealing minimal contact times (>> 10 minutes) for particle number concentrations of 10 9 per mL or less, significantly limiting the process throughput. Importantly, these calculations also show that while for small molecules, traditional blood purification systems work well, binding of bacteria and larger targets becomes inefficient as conventional systems are limited by low surface accessibility (typically equivalent to 10 8 to 10 9 particles per mL). 18 In a next step, we sought to demonstrate experimentally that bacteria can indeed be bound within reasonable time frames using particle concentrations of 10 10 per mL of 300 nm iron oxide based beads. In order to do that we assembled magnetic particle based capturing agents using magnetite-based nanoclusters with a size of 300 nm, a saturation magnetization of 40 emu per g and a specific surface area of 10 m 2 per g. We attached fully human IgG-based PNAG antibodies to protein A/G-hybrid coated magnetic iron oxide nanoclusters consisting of 10 nm iron oxide primary particles (Figure 2a,b) . Measurements of the hydrodynamic particle size in physiological medium by Nanoparticle Tracking Analysis (NTA) show narrow particle size distributions centered around 300 nm before and after functionalization, indicative of reasonable colloidal stability of the particle dispersions (Figure 2c ). Particle number concentration measurements were also performed on the NTA using diluted dispersions in order to adjust particle number concentrations for subsequent experiments. Carbon, nitrogen, and hydrogen measurements further confirmed successful binding of PNAG-antibody to the particle surface. The colloidal stability to of the functionalized particle suspensions in protein-rich physiological media (PBS + 1% serum) were further analyzed by measuring size distributions and zeta potential of the functionalized particles. yielding a mean average diameter of 366 ± 2 nm in phosphate buffered saline (PBS) and 385 ± 2 nm in serum-containing PBS and zeta potential values of -20 mV and -17eV in serum-free and serum-containing PBS, respectively (Figures 2d-f) .
Magnetic particles functionalized with protein A/G only and with or without PNAG antibody, respectively, were then dispersed in PBS at a concentration of 5 mg (particle mass) per mL and further diluted for experiments. In order to demonstrate the feasibility of the assembled agent for capturing bacteria we first confirmed that the beads can be recovered quantitatively by magnetic separation. While the efficiency of the separation at a contact time of 10 seconds was of only 57.10%, it increased at higher separation times, achieving 91.81% separation at 1 minute and 99.87% separation at 5 minutes. At a separation time of 20 minutes the iron signal was indistinguishable from the background noise of PBS ( Figure  2g) .
Bacteria capturing was further investigated with the aim to demonstrate the theranostic potential of the approach (Figure 3a) . For capturing bacteria, samples containing pathogenic bacteria (S. aureus, ATCC 6538) at various concentrations (10 2 , 10 3 , 10 4 bacteria per mL) were prepared in physiological media. Particles at a concentration of 10 10 particles per mL were subsequently added to bacteria contaminated samples. After 10 minutes particles were separated from the supernatant by placing a 1 cm 3 neodymium permanent magnet (1.37 T) next to the sample tube. Bacteria quantification in the supernatant and on the particle surface by plating and optical absorption revealed that bacteria were efficiently captured
Figure 2: Magnetic particle-based capturing agents were assembled using protein A/G-coated Fe3O4 (PAG-MNP) nanoclusters and a human antibody against poly-N-acetylglucosamine (PNAG) (a). Scanning and transmission electron micrographs of functionalized antiPNAG-PAG-MNP nanoclusters (b). The hydrodynamic size of the Fe3O4-PAG nanoclusters before and after antibody-functionalization measured in phosphate-buffered saline (PBS) by nanoparticle tracking analysis (NTA) (c). Mean size (d), polydispersity index (e) and Zeta potential (f) of beads suspended in phosphate buffered saline (PBS), and PBS supplemented with 1% and 10% fetal bovine serum (FBS), respectively, measured by dynamic light scattering (DLS). Bead capturing efficiency from suspension measured by Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) as a function of separation time (g).
by anti-PNAG-functionalized beads (capturing efficacy > 98%, Figure 3b) . In contrast, bacteria capturing by protein A/Gfunctionalized beads (control) without antibody was significantly less efficient (< 40%). Next, the theranostic potential was demonstrated by subjecting the pathogen-loaded beads to quantitative polymerase chain reaction (qPCR) based identification of the bacterial strain. Indeed it was possible to detect and identify S. aureus on the beads by qPCR (Figure 3c) . Interestingly, bacteria show significant re-growth on the beads, which could potentially speed up blood culture and has theranostic relevance. Re-growth of bacteria enriched on the beads is significantly more pronounced compared to untreated supernatant (see ESI, Figure S1 ). Captured bacteria can further be visualized by electron microscopy despite magnetic beads being present in large excess (as expected based on the modelling data, Figure 1d) (Figure 3d) .
In order to be appealing for clinical application, however, safety concerns have to be addressed. To that end, we demonstrated that there is no detectable effect on cell viability even after prolonged contact of up to 24 hours for the particle concentrations used (10 10 particles per mL) (Figure 3e) . We also demonstrated that uptake of particles into monocytes (THP-1 cells) is very limited within the intended contact times (10 minutes or less). Measurement of the side scattering intensity in flow cytometry showed a time-dependent increase indicative for particle uptake (Figure 3f) . While a minor shift in side scatter intensity is observed 10 minutes after incubation, it subsequently increases and at 24 hours a considerable shift is seen that is indicative for significant particle uptake into human blood monocytic cells. Importantly, particles are eventually degraded over time at pH conditions comparable to lysosomal pH (Figure 3g) .
This proof of principle study for the first time demonstrates the theranostic potential of a magnetic separation-based body fluid purification approach. Bacteria can be captured from suspension and can subsequently be identified on the magnetic beads. This study forms groundwork for a theranostic process where the bacterial load can be reduced and bacterial spread can be limited. Meanwhile, magnetic beads loaded with bacteria can be recovered from the separator and subjected to diagnostic analysis, hence decreasing both the time to diagnosis (as compared to blood culture due to bacteria enrichment) and the time to therapeutic administration of the appropriate antibiotics. While the therapeutic efficacy of pathogen removal remains to be demonstrated in clinics, the proposed theranostic approach is sought to help reduce the overuse of antibiotics by allowing rapid bacteria identification and identification of resistance genes. In future it may at the same time provide a treatment modality to bridge the time to diagnosis where appropriate antibiotic therapy can be administered.
Figure 3: Theranostic Concept: body fluid is subjected to magnetic blood purification where circulating pathogens are removed (therapeutic benefit). Magnetic beads loaded with bacteria can then be recovered from the separator and subjected to diagnostic analysis (a). Bacteria removal efficiency for S. aureus at two different bacteria concentrations (10 3 and 10 4 cfu per ml) and a nanoparticle number concentration of 10 10 per mL (b). Quantitative polymerase chain reaction (qPCR) detection of bacteria in the supernatant and on the beads (c). Scanning electron micrograph showing the particle pellet after separation with bacteria captured by magnetic particles (arrow), scale bar = 4 μm (d). Monocyte viability after 24 hours exposure to relevant particle concentrations (10 10 particles per mL, 5 × 10 5 monocytes per mL) (e). Particle uptake into monocytes measured by the increase in granularity (side scattering) in flow cytometry at different contact times and corresponding light microscopy images of monocytes incubated with particles for 10 minutes and 24 hours, respectively (f). Particle degradation over time in citrate buffer at pH 3.0 and pH 4.5 (g).

Materials and Methods
Mathematical Model. A population balance equation was used in order to compute the change in concentration of the magnetic particles with time, as well as the time evolution of the fraction of bacteria with a given number of magnetic particles attached to them. The mass balance for the concentration NMP of magnetic particles:
Where NB,i is the number concentration of bacteria containing i magnetic particles, and M is the maximum number of magnetic particles per bacteria. When this number of particles is bound to a bacterium, its surface is fully covered by particles, preventing other particles from binding. Even the kinetic constant differs for all particles, since its degree of surface coverage depends on the number of particles attached to its surface. The corresponding population balance equations for the bacteria are the following:
The binding constant is provided by Smoluchowski's law for a diffusion-limited process, modified to take into account the amount of surface of the bacteria not entirely accessible:
The corresponding value of ai(t) is given by the following equation:
In this case, it is necessary to solve M+1 equations (0.2), in addition to equation (0.1). This approach allows the calculation of the average number of particles per bacteria, and to estimate how many bacteria do not have any particles attached to them, as a function of time.
Magnetic particles were modeled as spheres with a diameter of 300nm and bacteria with a diameter of 1 μm. The number concentration of particles per mL is 10 9 , 10 10 and 10 12 . The differential equations (0.2) have been solve using Matlab ® (Mathworks) ODE solver ode15s. Magnetic carrier assembly. Magnetic capturing agents were assembled using nanoclusters functionalized with a recombinant fusion protein A/G (PAG, Bio-Adembeads PAG, Ademtech, Pessac, France). The PAG lacks albumin-binding domains, cell wall binding regions and other non-specific binding domains. Magnetic beads were washed thoroughly (3x) with PBS containing 0.65% Tween 20 (pH 7.5). Then fully human PNAG antibody monoclonal antibody (obtained from Prof. G. Pier, Harvard University) was added in PBS (1μg per 10 μL beads) and incubated for 1 hour at room temperature on a linear shaker. Then, unbound antibody was removed by washing the beads three times in PBS containing 0.65% Tween 20 (pH 7.5). Where applicable the beads were resuspended in 200 mM triethanolamine containing 20 mM dimethyl pimelimidate dihydrochloride (DMP). Beads were then thoroughly washed and resuspened in PBS at a concentration of 10 11 particles per mL. Particle size measurements were carried out in buffer using a Nanoparticle Tracking Analysis (NTA) device (NS500, Nanosight) and a ZetaSizer (90° configuration). Zeta potential was measured on a ZetaSizer in 0.1 × PBS (pH 7.4). Particle capturing efficacy. In order to quantify the separation efficiency under magnetic field a 1 ml PBS solution containing 500 μg per mL of the nanoparticles was gently handshaken for 10 minutes and afterwards placed next to a 10 mm NdFeB cube magnet (Supermagnete, 1.37 T) for 10 seconds. Five hundred microliters of the supernatant solution were removed, and the iron content was quantified using Inductively Coupled Plasma Mass Spectroscopy (ELEMENT 2™ ICP-MS, Thermo Scientific) in order to determine the separation efficiency. This procedure was repeated for three other separation times, 1, 5 and 20 minutes, respectively. Bacteria removal. Methicillin resistant S. aureus, among the most prevalent pathogen in human blood, was used as the model bacterium in this study. Bacteria from glycerol stocks were grown on Tryptic Soy agar (TSA) plates. Single colony was transferred to 10 mL of 30% tryptic soy broth (TSB) with 0.25% glucose and incubated for overnight at 160 rpm and 37 °C. The overnight culture was diluted to a final OD600 of 0.01 with fresh 30% TSB + glucose and incubated until it has reached an OD600 of 1.0, corresponding to approximately 10 8 colony forming units (cfu) per mL. The cells were harvested by centrifugation at 13,000 g for 5 min. The pellet was washed three times with sterile PBS, and then resuspended in PBS to obtain 10 3 and 10 4 cfu per mL. 500 µl of the bacterial suspension was mixed with 50 µl magnetic beads. Beads without antibody modification and PBS without beads were used as controls. The mixtures were incubated at room temperature on an orbital shaker for 10 min. Beads were collected for 5 min using an iron neodymium permanent magnet. The supernatant and the collected beads were resuspended in 10 mL PBS. 200 µl of the suspensions were plated on agar plates and incubated overnight at 37 °C. Bacteria detection and identification. The above mentioned collected beads were also employed for S. aureus DNA purification with GenEluteTM Bacterial Genomic DNA Kit (Sigma-Aldrich). The isolated DNA was further used as the template for in vitro identification and quantification of S. aureus genomes by qPCR. The Primerdesign™ genesig® Kit (Primerdesign Ltd) containing S. aureus specific primers and PrecisionTM Master Mix was used. The primers used in this study allow amplification of femB and have the following sequence: 5′-TTA CAG AGT TAA CTG TTA CC-3′ and 5′-ATA CAA ATC CAG CAC GCT CT-3′. qPCR was performed according to the manufacturer's instruction.
